Introduction
The history of weather derivatives dates back to the mid 90's, when deregulation of the energy and utility industries started in the U.S.. Faced with growing competition and uncertainty in demand, energy and utility companies sought for effective hedging tools to stabilize earnings. As monopolies gave way to competitive wholesale markets, hedging price alone was no longer adequate since the volumetric risk also came into play.
In the deregulated environment, energy merchants quickly realized that weather conditions were the main source of revenue uncertainties. Weather affects both short-term demand and long-term supply of energy. For instance, as shown in Figure 1 , the electricity load depends heavily on the temperature level. Similarly in Figure 2 , regressing the monthly delivery of natural gas against the monthly average temperature for the state of Illinois, we obtain an R 2 of 0.9416. Therefore, short-term demand of power and energy is largely dictated by weather conditions. A particular weather pattern (e.g., a strong global warming trend) can also affect the long-term supply as energy producers re-adjust their production levels.
The close association between the short-term demand for energy and weather conditions created a natural impetus for the development of weather derivatives. Although deals were struck as early as 1996, the Þrst publicized deal was signed in 1997 between Koch Energy and Enron (now a defunct company) on a temperature index for Milwaukee, Wisconsin for the winter of 1997-1998.
Since then, additional transactions were executed in different regions among many more players.
As shown in Figure 3 , the number of contracts (per year) in over-the-counter (OTC) markets has been increasing steadily. 1 For the year 2001 alone, almost 4,000 contracts were struck. The notional value of the market grew in tandem with the volume, as shown in Figure 4 . By 2001, the overall market size had grown to more than $4 billion. As far as contract type is concerned, Figure 5 shows that, about 60% of the deals were on heating degree days (HDDs) and about 30% on cooling degree days (CDDs). For any given year, more than 80% of the contracts were on temperature variables. Moving on to notional value by contract type, we see in Figure 6 that temperature derivatives again dominated the market, accounting for more than 90% of the total value in any given year. Finally, the geographic distribution of the weather derivatives market is by no means uniform. Figure 7 indicates that the vast majority of the contracts were for the North American region, with Europe and Asia trailing behind at a decent growth rate. Within North America, the east and Midwest regions saw most of the deals, mainly due to the larger temperature variations in these regions.
The rapid growth of the OTC markets propelled the growth of organized markets. In September 1999, the CME began listing futures and options on temperature indices of 10 U.S. cities (Atlanta, Chicago, Cincinnati, New York, Dallas, Philadelphia, Portland, Tucson, Des Moines and Las Vegas). The 10 cities were chosen based on population, the variability in their seasonal temperatures and the activities seen in OTC markets. Dealers specializing in HDD / CDD swaps and options need a liquid market to lay off their risk, and the standardized CME contracts are the perfect vehicle for this purpose. The active OTC markets and the appointment of a market maker 2 helped to boost the trading volume on the CME. The total number of contracts traded was 4,165 in 2002 and 14,234 in 2003.
Weather conditions affect not only the energy and utility sectors, but also many other sectors such as agriculture, retail, entertainment, and tourism. In fact, nearly twenty percent of the U.S. economy is directly affected by weather (see Challis [1999] and Hanley [1999] ). As long as an enterprise's fortune is subject to the mercy of mother nature, weather risk will be a crucial part of the overall risk to manage. Weather derivatives therefore play an important role in the endeavour of integrated risk management.
Still unrecognized by the investment community is the broader role of weather derivatives in portfolio management. From the perspective of Markowitz mean-variance efficiency, as long as the market is not complete, a new asset class will always improve the risk-return trade-off. The relatively lower correlation between weather derivatives and conventional Þnancial assets suggests that weather derivatives can be an excellent diversiÞcation vehicle.
In the remainder of the article, we Þrst describe the main weather derivative products and their usage in managing various weather risks; we then provide an overview of the modelling and pricing issues; and Þnally, we demonstrate the role of weather derivatives in portfolio management.
Product Descriptions
Although deals have been struck on such underlying variables as temperature, rainfall, snowfall and humidity, the vast majority of contracts are on temperature. The two most popular contract variables are the heating degree day (HDD) and cooling degree day (CDD). A degree day mea- Most contracts are written on the accumulation of HDDs or CDDs over a calendar month or a season so that one contract can hedge against revenue ßuctuations over the concerned period. For instance, at the CME, all contracts are for monthly cumulative HDDs or CDDs.
In some cases, "energy degree day" (EDD) is used in lieu of HDD or CDD. EDDs are the absolute deviation from a benchmark temperature which can be different from 65 • F. When the benchmark temperature is 65 • F, EDDs are simply the sum of HDDs and CDDs. EDDs can help manage the temperature risk not just for a season but for the whole year. Table 1 The CDD put option works in a similar fashion. A cap or maximum payoff is typically speciÞed for an option contract. For instance, the payoff function for a CDD put option with a cap would be speciÞed as, min[cap, tick×max(0, strike − CDD)]. In our example, had a cap of $350,000 been speciÞed, the settlement payoff would have been $350,000.
Illustrations of Weather Risk Management
As any other derivative securities, weather derivatives serve the ultimate purpose of risk transfer.
Power and utility companies are interested in smoothing their earnings by engaging in price and volumetric hedges. Insurance companies, power / energy brokers, and brokerage Þrms are in a position to act as counterparties thanks to their ability to effectively pool the weather risk and eventually lay it off in the organized market such as the CME. Of course, they earn a fee or a mark-up in the process. Below, we show two Þctitious examples of using weather derivatives to manage weather risk. If Windy Power Ltd. wishes to eliminate the downside volumetric risk while retain the upside potential, it could purchase a put option on the three-month cumulative HDDs. The strike price should be set at 3,000 HDDs, and the tick size at $8,000. Of course, the company will incur an up-front cost to acquire such an option. 
Overview of Temperature Modeling and Derivatives Valuation
The valuation of temperature derivatives has some unique features. To start with, the underlying is a meteorological variable rather than a traded asset. The conventional risk-neutral, arbitrage valuation does not apply. In addition, being a meteorological variable, temperature follows a predictable trend, especially over a longer horizon. The unique nature of the temperature variable brings about two important issues: accurate modeling of the underlying and the assessment of the market price of risk.
The academic literature only begins to make progress in valuing this new class of derivative securities (see, e.g., Cao and Wei [2003] ). In the industry, regardless of the valuation methodologies, a mark-up is usually attached to the model price as a cushion for errors. From the modeling perspective, the existing valuation methods can be loosely classiÞed into three categories: 1) insurance or actuarial valuation, 2) historical burn analysis, and 3) valuation based on dynamic models.
Insurance or Actuarial Method. This method is widely used by insurance companies, and its backbone is statistical analysis based on historical data. A probabilistic assessment is attached to the insured event and a fair premium is calculated accordingly. In the case of weather derivatives, this method is less applicable for most contracts since the underlying variables (e.g., temperature)
tend to follow a recurrent, predictable pattern. Nonetheless, if the contract is written on rare weather events such as extreme heat or coldness, then this method will be very useful. In fact, one may even argue that this is the only appropriate method in this case. For instance, using a diffusion process to model the temperature will be misguided if the main interest is in extreme events.
Historical Burn Analysis. This method is perhaps the simplest to implement, and as a result, is most prone to large pricing errors. In a nutshell, this method evaluates the contract against historical data and takes the average of realized payoffs as the fair value estimate (see Dischel [1999] for further discussions). The key assumption is that, the past always reßects the future on average. This is a strong requirement in most cases. To appreciate this point, we apply the historical burn analysis to call options written on the three-month (January, February and March) cumulative HDDs for Atlanta and New York. 4 Table 2 contains the calculations. We
Þrst calculate the realized cumulative HDDs for each year, and then evaluate the option's payoff 4 The historical daily temperatures are obtained from the National Climate Data Center.
accordingly (the exercise prices are set at 1,500 and 2,500 for Atlanta and New York, respectively). It is not true that a longer time series will always enhance valuation accuracy. Although more data will cover more temperature variations, the future temperature behavior, which drives the derivative security's value, may be quite different from history. This is especially important when the derivative security's maturity is short. Ultimately, it boils down to a trade-off between statistical power and representativeness. The commonly accepted sample length in the industry appears to be between 20 and 30 years.
Similar to the insurance or actuarial method, historical burn analysis is incapable of accounting for the market price of risk associated with the temperature variable. These methods are only useful from the perspective of a single dealer. We need a dynamic and forward looking model to establish a unique market price which incorporates a risk premium.
Dynamic Valuation Models. In contrast to previous methods, a dynamic model directly simulates the future behavior of temperature as a continuous or discrete stochastic process. The continuous process usually takes the following mean-reversion form,
where Y (t) is the current temperature, θ(t) is the deterministic long-run level of the temperature, β is the speed at which the instantaneous temperature reverts to the long-run level θ(t), σ(t) is the volatility which is season-dependent, and z(t) is a Wiener process which models the temperature's random innovations (see Dischel [1998] Motivated by the signiÞcant inßuence of weather on the overall economy, Cao and Wei [2003] propose a serially correlated bivariate-process for the temperature and the aggregate output, and address the market price of weather risk therein.
The temperature process proposed by Cao and Wei [2003] possesses the following features, all of which are based on their careful study of the temperature behavior for U.S. cities: 1) the daily temperature has two components, the Þrst being the seasonal pattern plus a global warming trend and the second being a random innovation, 2) the innovation is serially correlated, and 3) the standard deviation of the innovation is higher in the winter and lower in the summer, captured by a sine wave function. The aggregate output follows a mean-reverting process which is correlated with the current and past temperature innovations. The last building block is the representative agent's preference, which Cao and Wei [2003] specify as constant relative risk aversion (CRRA).
Given the temperature risk embedded in the aggregate output, the risk aversion determines the risk premium via equilibrium valuations.
The market price of risk associated with the temperature variable is found to be signiÞcant in most cases. Risk premium can represent a signiÞcant portion of the derivative's value. Using the risk-free rate to discount the expected payoff will lead to a sizeable error. It is also found that the market price of risk affects option values much more than forward prices. This result is mainly due to the non-linearity in option's payoffs. Intuitively, the market price of risk tends to be integrated out in the linear payoffs of forward contracts.
In sum, there are several valuation methods for temperature derivatives. The ultimate choice depends on the trade-off between simplicity and accuracy.
Asset Allocation and Weather Derivatives
The role of weather derivatives in asset allocation and portfolio management is largely unexplored in the literature. Purely from a diversiÞcation perspective, this new class of Þnancial instruments may indeed hold some potential. To gain some insight, we now examine the efficient frontiers consisting of the following asset classes: equity, Þxed income, commodities, and temperature instruments.
Three indices are included in the equity class, namely, the regional indices for North America, 
Summary
This article offers a brief survey of this emerging market. The structure and usage of various weather derivative products are surveyed, and the modeling and pricing issues are discussed. The literature on weather derivatives valuation is still in its infancy, and much more research needs to be done to accurately model weather variables. The article also demonstrates the role of weather derivatives in portfolio management. As an alternative class of Þnancial instruments, weather derivatives can improve the risk-return trade-off in asset allocation decisions. Note: the initial efficient frontier is constructed using the three equity indices only (legend: Equity Indices), and the rest are augmented with one additional index at a time, in the sequence as shown. 
